Introduction {#sec1}
============

Premature ovarian failure (POF) is defined as the cessation of ovarian function before the age of 40 years, accompanied with amenorrhea, hypergonadotropic hypogonadism, and infertility.[@bib1], [@bib2] The most important and common cause of POF is chemotherapy used to treat female cancer patients.[@bib2] The ovarian reserve depends on the number of quiescent follicles in ovaries, and the activation of dormant follicles is mediated by the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway.[@bib3] Research demonstrated that chemotherapy agents, such as cyclophosphamide and busulfan *in vivo* experiment (Cy) trigger the growth of the quiescent primordial follicle by upregulating PI3K/Akt signaling, resulting in the loss of the ovarian reserve, which occurs simultaneously with granulosa cell apoptosis.[@bib4] Therefore, exploring new strategies for preserving the ovarian reserve and preventing infertility has become an urgent need.

With the development of regenerative medicine, stem cell-based transplantation is a promising strategy for restoring ovarian function and reversing fertility in female mice and POF patients.[@bib5], [@bib6], [@bib7] Accumulating evidence suggests that bone marrow stem cell (BMSC) transplantation rescues fertility and repairs ovarian function by promoting ovarian angiogenesis,[@bib8] the transplantation of umbilical cord MSCs (UC-MSCs) on a collagen scaffold activates dormant follicles in patients with a long history of infertility,[@bib6] and human chorionic plate-derived MSCs restore ovarian function in chemotherapy-induced POF mice.[@bib9] However, stem-cell-based therapies still face several challenges, including transplant rejection, tumor transformation, limited sources, and ethical problems associated with clinical application. As an alternative, the discarded placenta offers an extraordinary source of fetal stem cells, such as human amniotic epithelial cells (hAECs), which retain the characteristics of embryonic stem cells, including immunomodulation, anti-inflammatory properties, and low immunogenicity.[@bib10] Because of these advantageous characteristics, hAECs have been widely used in regenerative medicine and have obtained a good outcome after transplantation in many diseases, including lung injury,[@bib11] brain injury,[@bib12], [@bib13] and hepatic fibrosis.[@bib14]

Because stem cell transplantation is hampered by the poor survival of the implanted cells, studies have increasingly focused on the paracrine action of stem cells. In previous studies, we have elucidated that only a small quantity of transplanted hAECs directly differentiate into granulosa cells in chemotherapy-induced POF mice.[@bib15] More important, hAEC-derived conditioned medium (hAEC-CM) has the potential to restore ovarian function by attenuating apoptosis,[@bib16] enhancing angiogenesis,[@bib17] and promoting follicular development.[@bib18] Meanwhile, studies have reported that hAEC-CM rescues cell death through directly mediating brain immune cells following injury,[@bib19] and hAEC-derived soluble factors suppress collagen production and reduce proliferation in human hepatic stellate cells.[@bib20] Thus, the paracrine pathway plays an important role in the process of hAEC-mediated tissue functional recovery.

Exosomes are a family of nanoparticles with a diameter in the range of 40--150 nm produced by multivesicular bodies and carry bioactive cytokines, growth factors, signaling lipids, mRNAs, long noncoding RNAs (lncRNAs), and regulatory microRNAs (miRNAs).[@bib21], [@bib22] One of the most attractive features is that exosomes can regulate cellular function via transferring cargo into recipient cells.[@bib23] Accumulating studies have demonstrated that the transplantation of these nanoparticles has pro-regenerative effects in injured tissues and avoids many risks associated with stem cell transplantation therapy.[@bib24], [@bib25] Recent studies have reported that hAEC-derived exosomes restrict lung injury and enhance endogenous lung repair in bleomycin-challenged aged mice,[@bib26] accelerate wound healing, and inhibit scar formation.[@bib27] Therefore, the paracrine action of hAECs can be partially attributed to exosomes, and the exploitation of hAEC exosomes as a therapy for POF should be interesting and meaningful.

In the current study, we mainly focused on identifying exosomes derived from hAECs and investigated the effect of hAEC exosomes on follicle development and ovarian function in chemotherapy-induced POF mice. Furthermore, granulosa cells and ovarian vascular were observed in the early stage of hAEC exosome transplantation. Finally, we analyzed the miRNA profiles of hAEC exosomes and further explored the underlying molecular mechanism in the process of hAEC-exosome-inhibited granulosa cell apoptosis *in vitro*.

Results {#sec2}
=======

The Enrichment of Exosomes Existed in hAEC-CM {#sec2.1}
---------------------------------------------

The isolated hAECs exhibited a cobblestone-like morphology under a microscope ([Figures 1](#fig1){ref-type="fig"}A and 1a) and expressed a high level of the stem cell marker SSEA4 (99.6%) and the epithelial marker CD324 (99.4%), as shown in [Figure 1](#fig1){ref-type="fig"}B.Figure 1Characterization of Exosomes Derived from hAEC-Conditioned Medium and the Design of Animal Experiments(A) The morphology of hAECs was observed under a microscope. Scale bar, 200 μm in (A) and 100 μm in (a). (B) Flow cytometry analysis of cell surface markers on hAECs. The isotypes (ISO) of SSEA4 and CD324 were used as negative controls. (C) Morphology of hAEC exosomes under transmission electron microscopy. Scale bar, 100 nm. (D) Western blot was used to detect the expression of the exosomal markers Alix, CD63, and CD9 in hAEC-derived exosomes. (E) The mean diameter of hAEC exosomes was analyzed using a nanoparticle tracking system (NTA). Approximately 1.6 × 10^9^ particles were measured by NTA in hAEC exosomes (in a single injection), which came from a total of 5 × 10^6^ hAECs. (F) Schematic of the experimental procedure was used to harvest exosomes from the hAEC-conditioned medium and showed the animal experimental design.

hAECs were cultured in complete medium without bovine serum for 24 h, and exosomes were isolated from the hAEC-CM, as shown in [Figure 1](#fig1){ref-type="fig"}F. The morphological assessment revealed the typical cup-shaped morphology of exosomes with an approximately 100 nm diameter, as determined by transmission electron microscopy ([Figure 1](#fig1){ref-type="fig"}C). Western blot results showed the presence of exosomal markers, including Alix, CD63, and CD9 in the hAEC exosomes. Furthermore, the expression of exosomal markers was significantly inhibited when hAECs were pre-treated with 10 μM GW4869, a selective inhibitor of N-SMase ([Figure 1](#fig1){ref-type="fig"}D). To further analyze the size distribution of the hAEC-derived exosomes, we performed size analysis, using a nanoparticle tracking system with a peak size of 50--150 nm ([Figure 1](#fig1){ref-type="fig"}E). The hAEC-derived exosomes were highly enriched in the CM and could be successfully harvested for the further POF animal experiments, as shown in [Figure 1](#fig1){ref-type="fig"}F.

hAEC-Exosome Transplantation Restored Ovarian Function in Chemotherapy-Treated Mice {#sec2.2}
-----------------------------------------------------------------------------------

In previous studies, we reported that paracrine action of hAECs plays a vital role in the process of restoring ovarian function.[@bib18] To investigate the long-term function of hAEC-derived exosomes on ovarian function, we established different treatments groups, including PBS, hAEC exosomes, hAEC-CM, and hAEC-CM without exosomes \[hAEC-CM (GW4869)\], in which hAECs were pre-treated with GW4869. Transplantation was conducted at 1 week (orthotopic injection^9th\ week^) and 2 weeks (tail vein injection^10th\ week^) after chemotherapy. The follicle development and ovarian function were evaluated at 4 weeks after the treatments.

In the Sham (untreated control) group, the ovaries contained numerous healthy follicles at different stages. In contrast, mice in the PBS-treated chemotherapy group showed atrophied ovaries composed of interstitial cells in a fibrous matrix. In addition, chemoablated mice demonstrated that a statistically significant reduction in the number of primordial, primary, secondary, and mature follicles ([Figures 2](#fig2){ref-type="fig"}A and 2B; p \< 0.05). Interestingly, a few healthy mature follicles were observed in the injured ovaries of mice injected with hAEC exosomes, hAEC-CM, and hAEC-CM (GW4869) ([Figure 2](#fig2){ref-type="fig"}A). According to the results of the follicle count, both hAEC exosomes and hAEC-CM transplantation significantly increased the number of mature follicles compared with that observed following the PBS injection in chemotherapy-treated mice. Importantly, the number of primordial and primary follicles in the hAEC-exosome transplantation group was higher than those in the PBS-treated chemotherapy control group ([Figure 2](#fig2){ref-type="fig"}B; p \< 0.05). Additionally, ovaries were subjected to mRNA array analysis to systematically assess the difference in ovarian function between the hAEC-exosome and PBS-treated groups. The Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses showed that hAEC-exosome transplantation reversed the decreased biological process induced by chemotherapy, including brown fat cell differentiation, the lipid catabolic process, the metabolic pathways, proliferator-activated receptor gamma (PPARγ), and the AMP-activated protein kinase (AMPK) signaling pathways, while simultaneously decreasing biological processes, including cellular response to interleukin-1 and tumor necrosis factor in the ovaries of the POF mice ([Figure 2](#fig2){ref-type="fig"}C). These results indicate that hAEC exosomes have the potential to repair ovarian function in a POF mouse model.Figure 2Effect of hAEC Exosomes on Follicle Development and Ovarian Function in Chemotherapy-Treated Mice(A) Representative photomicrographs of H&E-stained ovarian sections in different groups. Images f, g, h, i, and j are magnifications of the squares in images a, b, c, d, and e, respectively. Scale bar, 100 (top) and 50 (bottom) μm. (B) The columns display the number of primordial, primary, secondary, and mature follicles per ovary in the different treatment groups. (C) Bioinformatics analysis of the differential gene expression in injured ovaries between the PBS and hAEC-exosome-treated groups. The data represent means ± SEM. Sham group, n = 6; Cy+PBS group, n = 6; Cy+hAEC exosome group, n = 6; Cy+hAECs-CM group, n = 6; and Gy+hAECs-CM (GW4869) group, n = 6. \*p \< 0.05 versus Sham group; \#p \< 0.05 versus Cy+PBS group; \$p \< 0.05 versus Cy+PBS group.

hAEC Exosomes Inhibited Granulosa Cell Apoptosis and Attenuated the Acute Vascular Injury Induced by Chemotherapy in Mouse Ovaries {#sec2.3}
----------------------------------------------------------------------------------------------------------------------------------

A previous study[@bib4] demonstrated that granulosa cell apoptosis in growing follicles and acute vascular injury were prominent characteristics of chemotherapy drugs leading to reduced fertility.[@bib4] To further investigate the effect of hAEC exosomes on granulosa cell function and ovarian vascular, mice were injected intraperitoneally with 5-ethynyl-2′-deoxyuridine (EdU) 24 h prior to sacrifice. The ovarian morphology was observed at 1 week after hAEC-exosome transplantation.

Results showed that a large number of EdU-positive cells were observed in granulosa cells of growing follicles in the Sham group. However, the proliferation of granulosa cells was significantly inhibited in the PBS-treated chemotherapy group. Although hAEC-exosome transplantation did not increase granulosa cell proliferation, it inhibited the acute vascular injury induced by chemotherapy ([Figures 3](#fig3){ref-type="fig"}A and 3B; p \< 0.05). A few mature follicles were observed in the ovaries of the PBS-treated chemotherapy group, in which granulosa cells of cumulus oocyte complexes (COCs) were in disorder and positive for terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) staining, as indicated by the white arrowhead ([Figure 3](#fig3){ref-type="fig"}C). However, hAEC exosomes significantly inhibited chemotherapy-induced apoptosis of cumulus granulosa cells ([Figure 3](#fig3){ref-type="fig"}C). Cumulus granulosa cells play a vital role in the regulation of COC functions by producing hyaluronic acid. Our results showed that chemotherapy significantly decreased the expression of cumulus expansion-related genes, including hyaluronic acid synthase 2 (*HAS*2) and pentraxin 3 (*PTX*3); however, hAEC-exosome transplantation upregulated *HAS2* expression ([Figure 3](#fig3){ref-type="fig"}D; p \< 0.05). Consistent with the morphological results, hAEC-exosome transplantation effectively reversed the increased cleaved Caspase 3 induced by chemotherapy ([Figure 3](#fig3){ref-type="fig"}E; p \< 0.05). These results demonstrate that hAEC-derived exosomes protect follicular development by attenuating acute vascular damage and inhibiting granulosa cell apoptosis in the early stage of transplantation.Figure 3Effect of hAEC Exosomes on Ovarian Vasculature and Granulosa Cells Function in Chemotherapy-Treated Mice(A) Double immunofluorescence of EdU and CD34 in ovarian sections. Scale bar, 100 μm. (B) The columns show the number of EdU- and CD34-positive cells among the different treatment groups. (C) TUNEL staining was used to detect the granulosa cell apoptosis induced by chemotherapy. Scale bar, 50 μm. (D) qRT-PCR was performed to detect the expression of the cumulus expansion genes *HAS2* and *PTX3* in the different groups. (E) Western blot was conducted to detect the expression of cleaved Caspase 3 in the injured ovaries. The data represent means ± SEM. Sham group, n = 6; Cy+PBS group, n = 6; Cy+hAEC-exosome group, n = 6. \*p \< 0.05 versus Sham group; \#p \< 0.05 versus Cy+PBS group.

hAEC Exosomes Partially Prevented Primordial Follicle Activation in Chemotherapy-Treated Mice {#sec2.4}
---------------------------------------------------------------------------------------------

A previous study demonstrated that granulosa cell apoptosis was a causative factor accelerating follicular depletion and atresia depending on the PI3K/Akt/mTOR pathway, which was also negatively regulated by follicle development. In the present study, we examined whether hAEC-exosome transplantation affects the process of primordial follicle activation induced by chemotherapy. The morphology of ovarian sections showed that the number of primordial, primary, secondary, and mature follicles was significantly decreased in PBS-treated mice in the chemotherapy group compared with the Sham group. However, hAEC-exosome transplantation significantly increased the number of primordial follicles and mature follicles in the injured ovaries compared with those in the PBS-treated chemotherapy group ([Figures 4](#fig4){ref-type="fig"}A and 4B; p \< 0.05). Because the activation of primordial follicles depends on the PI3K/Akt/mTOR pathway, we detected the expression of related proteins in the different treatment groups. Western blot results showed that chemotherapy significantly increased p-Akt, p-mTOR, and p-FoxO3a protein expression in ovaries. However, hAEC exosomes slightly reduced p-Akt and p-FoxO3a expression in injured ovaries ([Figure 4](#fig4){ref-type="fig"}C and 4D; p \< 0.05). These results revealed that hAEC exosomes partially inhibited the primordial follicle activation induced by chemotherapy.Figure 4Effect of hAEC Exosomes on Follicular Activation in Ovaries of Chemotherapy-Treated Mice(A) H&E staining showed the morphology of follicles in the different treatment groups 7 days after transplantation. Scale bars, 200 (top) and 100 (bottom) μm. (B) Columns display the number of primordial, primary, secondary, and mature follicles per ovarian section in the different groups. (C) Western blot was used to detect the expression of PI3K/Akt/mTOR pathway-related proteins in injured ovaries among the different treatment groups. (D) Column showing that hAECs-exosomes partially inhibited the primordial follicle activation induced by chemotherapy. The data represent means ± SEM. Sham group, n = 6; Cy+PBS group, n = 6; Cy+hAEC-exosome group, n = 6. \*p \< 0.05 versus Sham group.

MicroRNA Expression Profiles of hAEC Exosomes and Target Gene Pathway Enrichment Analysis {#sec2.5}
-----------------------------------------------------------------------------------------

To obtain a better understanding of how hAEC exosomes regulate ovarian function, we used a miRNA array and bioinformatics to analyze the miRNA landscape of hAEC-derived exosomes. Five exosome samples were harvested from different donor-derived hAECs. miRNAs in hAEC exosomes were profiled by Nanostring and rank ordered according to total reads from highest to lowest, normalized to positive controls, and the top 50 miRNAs are shown from highest to lowest ([Figure 5](#fig5){ref-type="fig"}A). The top 30 miRNA target genes were analyzed to identify statistically over-represented pathways and biological processes. The majority of the genes substantially contributed to the specific processes related to the phosphatidylinositol signaling system, PPAR signaling pathway, and apoptotic process involved in morphogenesis ([Figures 5](#fig5){ref-type="fig"}B and 5C). Meanwhile, the network of miRNAs was predicted to target mainly the genes that control processes related to the PI3K pathway, as shown in [Figure 5](#fig5){ref-type="fig"}D. qRT-PCR results also verified that hsa-miR-1246 was highly expressed in exosomes derived from hAECs ([Figure 5](#fig5){ref-type="fig"}E).Figure 5MicroRNA Profile of hAEC Exosomes and Target Gene Pathway Enrichment Analysis(A) miRNA expression of hAEC exosomes from five biological replicate samples was detected and analyzed by microRNA array. Enrichment pathway (B) and Gene Ontology enrichment (C) targeted by the top 30 miRNAs in hAEC-exosomes. (D) Enrichment map of the phosphatidylinositol 3-kinase signaling pathway targeted by the top 30 miRNAs. (E) qRT-PCR was used to detect miRNA expression in hAEC-derived exosomes.

hAEC Exosomes Inhibited Granulosa Cell Apoptosis Induced by Chemotherapy by Transferring Functional miRNAs {#sec2.6}
----------------------------------------------------------------------------------------------------------

Granulosa cells are important component of follicles that are easily susceptible to chemotherapy-induced damage. Herein, a human ovarian granulosa tumor-derived cell line (KGN cells) was used in our experiments. To investigate how hAEC-derived exosomes affect granulosa cells function *in vitro*, we first examined whether hAEC exosomes could be transferred into recipient KGN cells. hAECs were labeled with PKH26 membrane fluorescent dye to perform the tracking experiment. Red fluorescence signaling was observed in the cytoplasm of hAECs 24 h after labeling with PKH26. Then, we collected the CM of PKH26-labeled hAECs, extracted PKH26-labeled exosomes, and added them into the medium of KGN cells ([Figure 6](#fig6){ref-type="fig"}A). After 24 h, the fluorescence signal of PKH26-labeled exosomes was observed in the cytoplasm of granulosa cells treated with or without cyclophosphamide treatment *in vitro* experiment (CTX) ([Figure 6](#fig6){ref-type="fig"}B). Next, we determined the impact of hAEC exosomes on chemotherapy-induced apoptosis in granulosa cells. As shown in [Figure 6](#fig6){ref-type="fig"}C, CTX markedly increased the expression of cleaved Caspase 3, and inhibited the expression of proliferating cell nuclear antigen (PCNA) in granulosa cells. Although hAEC-derived exosomes had no effect on the proliferation of granulosa cells, they significantly inhibited chemotherapy-induced granulosa cell apoptosis, including increasing the expression of the anti-apoptosis genes Bad and Bcl2 and decreasing Bax and cleaved Caspase 3 expression in KGN cells ([Figure 6](#fig6){ref-type="fig"}C; p \< 0.05). qRT-PCR results showed that hAEC exosomes slightly increased miR-1246 expression in granulosa cells ([Figure 6](#fig6){ref-type="fig"}D).Figure 6Effect of hAEC-Derived Exosomes on Chemotherapy-Induced Granulosa Cell Apoptosis *In Vitro*(A) hAECs were labeled with PKH26 fluorescent dye. Schematic of the experimental procedure used to harvest PKH26-labeled exosomes from the PKH26-hAEC-conditioned medium. PKH26-labeled hAEC exosomes were added to the media of KGN cells. (B) The fluorescence signals were detected by confocal microscopy in KGN cells. The nuclei of the hAECs and KGN cells were stained with DAPI (blue) and their cytoskeleton with Actin-Tracker Green (green). Scale bar, 40 (A) and 10 (B) μm. (C) Western blot analyzed the proliferation marker PCNA and the apoptosis-related proteins expression in KGN cells in the different treatment groups. (D) qRT-PCR was used to detect miR-1246, miR-197-5p, miR-1290, miR-4516, miR-4281, and miR-21-5p expression in granulosa cells. (E) The level of miR-1246 and miR-21-5p expression was detected in granulosa cells transfected with miR-1246 and miR-21-5p mimic and inhibitors. (F) Western blot was performed to detect PCNA and cleaved Caspase 3 protein expression in granulosa cells. \*p \< 0.05 versus Control or NC group; \#p \< 0.05 versus the CTX and inhibitor NC group.

Previous research reported that overexpression of miR-21 in stem cells improved ovarian structure and function in chemotherapy-induced ovarian damage by inhibiting granulosa cell apoptosis.[@bib28] To verify whether miR-1246 has a similar function in inhibiting apoptosis, we transfected granulosa cells with miR-1246, miR-21-5p mimic, and scrambled control oligonucleotide. qRT-PCR showed that miR-1246 and miR-21-5p gene expression was dramatically increased in granulosa cells ([Figure 6](#fig6){ref-type="fig"}E; p \< 0.05). Western blot results showed that miR-1246 and miR-21-5p overexpression significantly reversed the increased expression of cleaved Caspase 3 protein induced by chemotherapy in granulosa cells ([Figure 6](#fig6){ref-type="fig"}F; p \< 0.05). Taken together, these results reveal that hAEC-derived exosomes could be transferred into granulosa cells, and inhibit granulosa cell apoptosis via transferring miRNAs.

Discussion {#sec3}
==========

Previous studies[@bib10], [@bib20] have demonstrated that hAECs are an excellent source of seed stem cells, which may be used in regenerative therapies for a variety of diseases, and the paracrine potential of hAECs has been proven in many animal studies. The present study was the first to report that hAEC exosomes exhibit a therapeutic effect similar to the paracrine action of hAECs in chemotherapy-induced POF mice. hAEC-exosome transplantation not only protected follicles from chemotherapy-induced ovary damage but also repaired ovarian function of POF mice, including enhancing metabolic pathways, PPAR signaling pathways, and AMPK signaling pathways. A previous study demonstrated that PPARγ and AMPK signaling pathways play a role in energy control and lipid metabolism. In mice, the absence of PPAR in ovaries results in lower levels of fertility.[@bib29]

Chemotherapy drugs given to female cancer patients invariably lead to ovarian damage, including granulosa cell apoptosis, ovarian vascular damage, and rapid depletion of the follicle reserve, resulting in POF.[@bib2] Within the ovary, oocytes are stored in the form of primordial follicles, surrounded by somatic granulosa cells. Research demonstrated that chemotherapy treatment led to the hyperactivation of PI3K signaling pathway in ovaries, which was related to the primordial follicle loss and granulosa cell apoptosis. Thus, the global activation of the primordial follicle pool leads to the exhaustion of the remaining follicle reserve.[@bib30] The PI3K/Akt/mTOR cell signaling pathway has been known to regulate the primordial-to-primary transition in mammalian follicle development.[@bib31] Investigating new methods of preventing chemotherapy-induced primordial follicle activation could provide significant advantages over existing fertility-preservation techniques.[@bib32] Research has demonstrated that melatonin prevents cisplatin-induced primordial follicle loss by preventing the phosphorylation of PTEN/Akt/FOXO3a pathway members in POF mice.[@bib33] Furthermore, rapamycin prevents the primordial follicle activation induced by CTX through the PI3K/Akt/mTOR signaling pathway and thus plays a role in preserving the follicle pool.[@bib34] In the current study, we found that hAEC-derived exosomes had the potential to inhibit the granulosa cell apoptosis induced by chemotherapy and to protect the ovarian vasculature from damage. In addition, the hAEC exosomes partially inhibited primordial follicle activation in the early stage of transplantation.

Recently, many studies[@bib24], [@bib25], [@bib35] have reported that exosome-carrying miRNAs play a crucial role in stem cell-mediated tissue functional repair. The overexpression of miR-21 in stem cells improved ovarian structure and function in rats with chemotherapy-induced ovarian damage by targeting *PDCD4* and *PTEN*, to inhibit granulosa cell apoptosis.[@bib28] In addition, exosomal microRNA-21-5p mediates mesenchymal stem cell paracrine effects on human cardiac tissue contractility.[@bib36] Exosomes help to improve wound management and represent a new therapeutic model for cell-free therapies with decreased side effects for wound repair.[@bib37] A previous study confirmed the superior cardioprotection effect of endometrial mesenchymal stem cells (EnMSCs) relative to that of bone marrow mesenchymal stromal cells (BMMSCs) or adipose-derived mesenchymal stem cells (AdMSCs) and implicated miR-21 as a potential mediator of EnMSC therapy by enhancing cell survival through the PTEN/Akt pathway.[@bib38] Regarding the application of hAEC-derived exosomes in tissue regeneration, some studies have demonstrated that hAEC exosomes accelerates wound healing, inhibits scar formation,[@bib27] restricts lung injury, and enhances endogenous lung repair.[@bib26] In addition, a study showed that proteinase K-pretreated hAEC exosomes accelerate wound healing by promoting the proliferation and migration of fibroblasts, revealing an important role of exosomal miRNAs in wound healing.[@bib39] Research reported that hAEC-derived exosomes carry protein cargo enriched in MAPK signaling pathways, apoptotic and developmental biologic pathways, and exosomal miRNAs mainly enriched in PI3K-Akt, Ras, Hippo, TGF-beta, and focal adhesion pathways.[@bib26] Consistent with this, massive miRNAs were detected in the hAEC-derived exosomes in our study. Importantly, exosomal miRNA-targeted genes were mainly enriched in the PI3K and apoptosis pathways, which were closely related with follicle activation and ovarian function. Because hAEC-derived exosomes contain diverse and numerous miRNAs, it is difficult to determine which miRNA contributes to the repair of ovarian function.

At present, increasing evidence shows that the therapeutic activity of adult stem cells occurs partially through paracrine effects, which give rise to the novel notion of "cell-free" stem cell therapy.[@bib35] A key point related to extracellular vesicles (EVs) or exosome therapy concerns the administration strategy. Research has demonstrated that systemically administered EVs have a short half-life,[@bib40] pointing out the importance of local delivery to avoid rapid clearance and enhance retention in the site of interest.[@bib41] The retention attempt may be clearly reinforced by the choice of biomaterial for embedding stem cell-derived paracrine cytokines or exosomes. Researchers packaged secreted factors from human BMMSCs into poly lactic-*co*-glycolic acid (PLGA) microparticles and then coated them with MSC membranes, and the results demonstrated that these microparticles had regenerative potential in mice with acute myocardial infarction.[@bib42] Furthermore, a synthetic cell-mimicking microparticle (CMMP) carrying secreted proteins could recapitulate stem cell function in tissue repair in a myocardial infarction mouse model.[@bib42], [@bib43] The latest research showed that thermoresponsive gel embedding of adipose stem cell-derived EVs promotes esophageal fistula healing in a thermoactuated delivery strategy[@bib44] and integration of stem cell-derived exosomes with *in situ* hydrogel glue as a promising tissue patch for articular cartilage regeneration.[@bib45] In the next study, we will further explore how to combine biomaterials with hAEC-derived exosomes and establish a more effective method for treating POF.

In summary, our findings provided evidence that hAEC-derived exosomes played an effective role in restoring ovarian function in a chemotherapy-induced POF mouse model mainly via transferring the therapeutic effect of microRNAs against apoptosis. The current study uncovered a new therapeutic opportunity and elucidated the underlying molecular mechanism in the process of hAEC-derived exosome-mediated ovarian function recovery.

Materials and Methods {#sec4}
=====================

Isolation and Culture of hAECs {#sec4.1}
------------------------------

The isolation and culture of hAECs were conducted as previously described.[@bib15] Human placental tissue was obtained following informed consent from healthy women who tested negative for HIV-I, hepatitis B, and hepatitis C. The acquisition protocol was approved by the Institutional Ethics Committee of the International Peace Maternity and Child Health Hospital (IPMCH). Amniotic membranes were mechanically separated from the chorion, dissected into several segments, and washed with PBS. The membrane segments were incubated for 25 min at 37°C with 0.25%trypsin/EDTA (Gibco, Grand Island, NY, USA). The digested tissue was sequentially filtered through a 40 μm filter and centrifuged at 300 *g* for 5 min at room temperature. Then, the cells were seeded in 100 mm culture dishes containing DMEM/F12 (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM glutamine, streptomycin (100 μg/mL; Gibco), penicillin (100 U/mL; Gibco), and 10 ng/mL recombinant human epidermal growth factor (EGF; ProSpec). The incubators were set at 37°C and contained 5% CO~2~.

Isolation and Identification of hAEC Exosomes {#sec4.2}
---------------------------------------------

In brief, a total of 5 × 10^6^ hAECs were cultured in a 100 mm culture dish. After 24 h, the complete culture medium was replaced with 10 mL of serum-free DMEM/F12 medium. After another 24 h, the CM from hAECs was collected and centrifuged at 3,000 *g* for 15 min to remove the dead cells and cellular debris. The supernatant was filtered through a 0.22 μm filter (Millipore, Billerica, MA, USA). Then, 10 mL supernatant was further concentrated by centrifugation for 30 min at 10,000 *g* in a pre-rinsed centrifugal filter tube (3 kDa; Amicon Ultra-15; Millipore) to approximately 1 mL. A 1:2 volume of total exosome isolation reagent (Invitrogen, Carlsbad, CA, USA) was added to the concentrated liquid and mixed well by vortexing. After an overnight incubation, the mixture was centrifuged at 10,000 *g* for 60 min to obtain the pellet. The pellet of exosomes was resuspended in PBS. All procedures were performed at 4°C. The exosomes were stored at −80°C or used for the experiments.

The ultrastructure of the exosomes was analyzed under a transmission electron microscope (Zeiss, Oberkochen, Germany). The protein levels of Alix, CD63, and CD9 (representative markers of exosomes) were detected using western blot. To determine the sizes of the purified vesicles, a nanoparticle tracking analysis (NTA) was performed using Zetaview software (Particle Metrix, Meerbusch, Germany).

POF Mouse Model Establishment {#sec4.3}
-----------------------------

Forty-eight wild-type C57BL/6 female mice aged from 7 to 8 weeks were obtained from the Shanghai Experimental Animal Center of the Chinese Academy of Sciences. The mice assigned to the chemotherapy-treated group (Cy, n = 36) received a single intraperitoneal (i.p.) injection of busulfan (Sigma, 30 mg/kg) and CTX (Sigma, 120 mg/kg) to induce the POF model as previously described.[@bib16] The mice in the Sham-control group were injected with an equivalent volume of PBS (Sham, n = 12). PBS, hAEC exosomes, the concentrated hAEC-CM, or hAEC-CM without exosomes (hAECs were pretreated with 10 μM GW4869, a selective inhibitor of N-SMase) was injected into injured ovaries via microinjection needle at 1 (9th, orthotopic injection, a volume of 10 μL) and 2 (10th, tail vein injection, a volume of 100 μL) weeks after chemotherapy. The animals were sacrificed for the subsequent experiments at 10 and 13 weeks, respectively. All animal procedures were approved by the Institutional Animal Care and Use Committee of Shanghai and were performed in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals. Efforts were made to minimize animal suffering and limit the number of animals used in the study.

Histological Analysis {#sec4.4}
---------------------

The ovaries were collected at 10 and 13 weeks, fixed in Bouin's solution (containing 5% acetic acid, 9% formaldehyde, and 0.9% picric acid), embedded in paraffin, and serially sectioned at a thickness of 7 μm. H&E staining was used to evaluate the morphological structure of the ovaries, which was observed under light microscopy. The follicle stage was classified according to previously described, accepted definitions.[@bib18] In brief, the blind follicle counts were conducted in every fifth section of the entire ovary by two independent researchers. The primordial follicle was defined by granulosa cells surrounding a single fusiform oocyte. The primary follicle was surrounded by at least three granulosa cells, resulting in a cubic shape. The secondary follicle appeared to be surrounded by at least two layers of granulosa cells with no follicular cavity. The mature follicles (antral follicles) contained at least two layers of granulosa cells and demonstrated evidence of follicular cavity.

Microarray Analysis {#sec4.5}
-------------------

Ovarian tissues from the Sham, PBS, and hAEC-exosome-treated chemotherapy groups were used for microarray profiling. Total RNA was labeled using the Low Input Quick Amp Labeling Kit, and hybridized on the Gene Expression Hybridization Kit. The probes were designed using a microarray (Agilent) and performed by Oe-Biotech (Shanghai, China). The differentially expressed genes among the different groups were determined by KEGG and GO analyses.

Human Granulosa Tumor Cell Line (KGN) {#sec4.6}
-------------------------------------

The human ovarian granulosa-like tumor cell line was kindly provided by Dr. Jingjing Xu (IPMCH, School of Medicine, Shanghai Jiao Tong University, Shanghai, China). The KGN cells were cultured in DMEM/F12 (Gibco, Grand Island, NY, USA) supplemented with 10% FBS (Gibco), 2 mM glutamine, streptomycin (100 μg/mL; Gibco), and penicillin (100 U/mL; Gibco). The incubators were set at 37°C and contained 5% CO~2~.

hAEC Exosome Uptake Experiment {#sec4.7}
------------------------------

The hAECs were labeled with a red fluorescent dye (PKH26; Sigma) according to the manufacturer's instructions. Briefly, PKH 26 fluorescent dye was added to the hAEC suspension and incubated for 5 min at room temperature. The reaction was stopped by the addition of an equal volume of exosome-depleted BSA, and the hAECs were washed twice with PBS to remove any unbound dye. Then, the cell-labeled suspension was seeded into a dish. The serum-free medium of PKH26-labeled hAECs was harvested to extract PKH26 exosomes according the method described above. PKH26-hAEC exosomes were added to the medium of the KGN cells, with or without CTX for 24 h. After that, KGN cells and PKH26-labeled hAECs were washed with PBS twice, fixed in 4% paraformaldehyde for 15 min, and washed three times with PBS containing Triton X-100. Actin-Tracker Green (1:100; Beyotime Biotechnology, Shanghai, China) was used for the staining of the cytoskeleton for 60 min at room temperature. After that, the cells were washed with PBS and stained with DAPI (Abcam). The fluorescence signals were captured with a TCS SP5 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany).

Western Blot Analysis {#sec4.8}
---------------------

The membranes were blocked with 5% milk in TBST (Tris-buffered saline, 10 mM Tris-HCl \[pH 7.5\], 150 mM NaCl, and 0.1% Tween-20) for 1 hour at room temperature and, incubated with primary antibodies at 4°C overnight. The following primary antibodies and dilutions were used: mouse anti-Alix (1:2,000; CST, Danvers, MA, USA), mouse anti-CD9 (1:500; Santa Cruz, Dallas, TX, USA), mouse anti-CD63 (1:300; Santa Cruz), rabbit anti-Caspase 3 (1:1,000; CST), rabbit anti-phosphorylate PTEN (p-PTEN; 1:1000; CST), rabbit anti-PTEN (1:1,000; CST), rabbit anti-phosphorylate mTOR (p-mTOR, 1:1,000; CST), rabbit anti-mTOR (1:1,000; CST), rabbit anti-phosphorylate Akt (p-Akt, 1:1000; CST), rabbit anti-Akt (1:1,000; CST), rabbit anti-phosphorylate FoxO3a (p-FoxO3a, 1:1,000; CST), rabbit anti-FoxO3a (1:1,000; CST), mouse anti-PCNA (1:1,000; Boster Biological Technology, China), rabbit anti-Bad (1:1000; CST, USA), rabbit anti-Bcl2 (1:1,000; CST, USA), rabbit anti-Bax (1:1,000; CST, USA), and anti-GAPDH (1:5,000; CST). Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:3,000; CST) for 1 hour at room temperature. The visualization of the blots was performed using the standard protocol for electrochemiluminescence (ECL; Santa Cruz Biotechnology, Dallas, TX, USA). The relative intensity of the protein bands was quantified by digital densitometry using ImageJ software (NIH, Bethesda, MD, USA). The level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal standard.

Double-Fluorescence Immunolabeling {#sec4.9}
----------------------------------

To detect the double-fluorescence signals of CD34 and EdU, the sections were incubated with a primary rabbit monoclonal anti-CD34 antibody (1:1,000; Abcam, Cambridge, MA, USA) overnight at 4°C. After they were washed three times with PBS, the sections were incubated with a 1:200 dilution of anti-rabbit IgG rhodamine (Santa Cruz) for 1 hour at 37°C. After another washing with PBS, the sections were labeled with Apollo and Hoechst staining (EdU staining kit; Ruibo, China), as per the instructions. After another wash with PBS, the sections were coverslipped with fluorescence mounting medium. The fluorescence signals could be directly detected at an excitation of 488 nm and emission of 525 nm.

Apoptosis Assay {#sec4.10}
---------------

To detect apoptosis in ovarian sections, TUNEL staining kits (Roche Applied Science, USA) were used according to the manufacturer's instructions. The nuclei were counterstained using DAPI (Abcam, USA). The images were captured under a fluorescence microscope.

RNA Extraction and qRT-PCR {#sec4.11}
--------------------------

The ovaries were collected in TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and the total RNA was extracted according to the manufacturer's instructions. A total of 1 μg RNA was converted to cDNA with a Takara kit (Applied Biosystems Foster City, CA, USA; Takara, Shiga, Japan). The genes of interest were amplified with a 7900HT fast real-time PCR system (Applied Biosystems) and a SYBR Green Real-time PCR Master Mix (Applied Biosystems/Takara). The PCR primers were designed according to the cDNA sequences in the NCBI database. The following primer sequences were used: *HAS2*: forward, 5′-AAGACCCTATGGTTGGAGGTGTT-3′, reverse, 5′-CATTCCCAGAGGACCGCTTAT-3′; *PTX3*: forward, 5′GGACAACGAAATAG ACAATGGACTT-3′, reverse, 5′-CGAGTTCTCCAGCATGATGAAC-3′; and *GAPDH*: forward, 5′-CCAATGTGTCCGTCGTGGATCT-3′, reverse, 5′-GTTGAAGTCGCAGGAGACAACC-3′. The cycling conditions used for the PCR analysis were as follows: 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s (40 cycles). Mouse-GAPDH was used as an internal control. The 2^−ΔΔCt^ method was employed to determine the relative mRNA expression level.

A total of 1 μg RNA of KGN and hAEC exosomes was extracted and converted to cDNA using a miScript RTKit (QIAGEN, Hilden, Germany). The SYBR green method was used to detect the expression of the miRNAs. qRT-PCR results were recorded as cycle threshold (Ct) numbers and, normalized against the internal control (hsa-U6 and cel-miR-39). The 2^−ΔΔCt^ method was employed to determine the relative miRNA expression levels.

MicroRNA Analysis in hAEC-Derived Exosomes {#sec4.12}
------------------------------------------

The total RNA was extracted from five hAEC exosomes (hAEC exosomes 1, 2, 3, 4, and 5, obtained from five healthy donors), and the microRNA expression profile was analyzed with a NanoString platform according to the manufacturer's instructions. Human microRNA microarray (Shanghai Bohao Biotechnology, Shanghai, China) was used for detecting miRNA in hAEC exosomes. nSolver was used to normalize the number of reads of each miRNA to the positive controls and the top 100 reads. Negative controls were used as a threshold for the background subtraction.

KGN Cells Transfection {#sec4.13}
----------------------

KGN cells were transfected with miR-1246 and miR-21-5p mimics, inhibitors, and control (GenePharma, China) using Lipofectamine RNAi MAX Reagent (Invitrogen, USA). After 24 h of transfection, the cells were collected for qRT-PCR and western blot analysis.

Statistical Analysis {#sec4.14}
--------------------

The mean and SEM of the experimental variables were calculated. The statistical significance was calculated using GraphPad Prism (GraphPad Software, San Diego, CA). The western blot, qRT-PCR, and follicle count data were analyzed using two-way ANOVA with the least-significant difference (LSD) test. Confidence intervals of 95% were deemed statistically significant. The differences between the groups were considered significant at p \< 0.05.
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